The production and exchange of specific signal substances between individual cells enables many bacterial species to coordinate their gene expression in a population density-dependent manner (Miller and Bassler, 2001; von Bodman et al., 2003) . This kind of regulation, known as quorum sensing, affects the expression of many genes and behaviors in various bacteria (Whitehead et al., 2001; Schuster et al., 2003; Wagner et al., 2003) . Bacterial pathogens and symbionts of both animals and plants require quorum sensing to colonize and invade their eukaryotic hosts (Eberl et al., 1996; Tan et al., 1999; Visick and Ruby, 1999; de Kievit and Iglewski, 2000; Loh et al., 2002) .
In view of the bacterial dependence on quorum sensing for infection of hosts, it makes good evolutionary sense that eukaryotes have acquired the ability to recognize and respond to bacterial quorum sensing signals (Telford et al., 1998; Smith et al., 2002; Mathesius et al., 2003) and the ability to actively interfere with bacterial quorum sensing through the production of compounds that mimic the bacterium's own signals (Kjelleberg et al., 1997; Bauer and Teplitski, 2001) . Givskov et al. (1996) were the first to show that a eukaryote, the marine red macroalga Delisea pulchra, secretes compounds that act as mimics of bacterial N-acyl-l-homoserine lactone (AHL) quorum sensing signals. AHLs are the best studied of the known bacterial quorum sensing signals and have been detected in over 50 species of protobacteria (Eberhard et al., 1981; Eberl, 1999; Fuqua et al., 2001) . The AHL signal mimics of D. pulchra are halogenated furanones. These compounds are structur- ally similar to bacterial AHLs and inhibit quorum sensing regulation in various bacteria (de Nys et al., 1993; Givskov et al., 1996) . The concentration of furanone mimics at the algal surface was found to be effective in disrupting colonization of the algal thalli by gram-negative bacteria (Kjelleberg et al., 1997; Dworjanyn et al., 1999; Kjelleberg and Steinberg, 2002) . Biochemical studies indicate that the D. pulchra furanone AHL mimics are able to bind to a bacterial AHL receptor (LuxR; Manefield et al., 1999) and that such binding alters the stability of the protein-ligand complex, leading to rapid proteolytic turnover of the receptor . In addition to the halogenated furanones of D. pulchra, a variety of bacteria and eukaryotes have been shown to produce cyclic dipeptides (diketopiperazines) that can act as AHL mimics to affect quorum sensing-regulated behaviors in bacteria, apparently through interactions with the ligand-binding sites of AHL receptor proteins (Holden et al., 1999) .
More recently, various higher plants were also shown to secrete AHL signal mimic substances (Teplitski et al., 2000; Daniels et al., 2002; Mathesius et al., 2003) . The active compounds from plants have not been chemically identified, but most of them partition differently in organic solvents than do bacterial AHLs (Teplitski et al., 2000; . Many of the AHL mimic compounds from plants stimulate quorum sensing-regulated responses in bacteria, in contrast to the halogenated furanones from D. pulchra, which all act to inhibit quorum sensing-regulated responses.
In this study, we have investigated the production of AHL mimic substances by the unicellular green alga Chlamydomonas reinhardtii. In contrast to D. pulchra, C. reinhardtii is well suited to genetic and molecular genetic analysis of AHL signal mimic production. The alga has been used as a model organism for the molecular genetic and biochemical analysis of photosynthesis and other processes (Harris, 1989 (Harris, , 2001 . Its genomic sequence is now available (http:// www.biology.duke.edu/chlamy_genome/). C. reinhardtii is also haploid for most of its life cycle, which facilitates genetic studies to identify relevant mutants (Harris, 2001 ). Our present study shows that C. reinhardtii produces a variety of AHL mimics. A purified preparation of one of the active mimics quite specifically affected diverse AHL-regulated behaviors in the plant symbiotic soil bacterium Sinorhizobium meliloti. Colonies of C. reinhardtii and Chlorella spp. growing on agar plates were overlaid with suspensions of quorum sensing reporter strains (Table I) , and their luminescence responses were monitored with a CCD camera. As shown in Figure 1A , colonies of C. reinhardtii, C. mutablis, Chlorella vulgaris, and Chlorella fusca all stimulated luminescence responses over a period of 24 h in the Vibrio harveyi BB170 reporter strain, which selectively responds to the furanosyl borate diester AI-2 quorum sensing signal (Chen et al., 2002) of this bacterium. Colonies of these algal species also stimulated luminescence in the V. harveyi 404 wild type (data not shown). In contrast, as shown in Figure 1B , colonies of C. reinhardtii strongly inhibited the quorum sensing-regulated luminescence response of the Escherichia coli LasRIЈ::luxCDABE reporter of Winson et al. (1998) to its cognate AHL (3-oxo-C12-HSL). The luminescence responses of the LuxRIЈ::luxCDABE or AhyRIЈ::luxCDABE AHL reporters to their cognate AHLs (3-oxo-C6-HSL and C4-HSL) were also inhibited (data not shown). These results suggest that C. reinhardtii secretes substances that inhibit AHL-mediated induction of luminescence. The luminescence of a constitutively luminescent Tn5::luxCDABE isolate of E. coli was not inhibited by C. reinhardtii streaks or colonies in similar overlays (data not shown), indicating that the observed inhibition of AHL-induced luminescence in the E. coli AHL reporters by C. reinhardtii colonies was not due to the secretion of toxic or luminescenceblocking compounds.
RESULTS

Production of Substances
Purification and Detection of AHL Signal Mimic Substances in Culture Filtrates of C. reinhardtii
Culture filtrates from C. reinhardtii cells grown phototrophically in mineral salts medium were extracted with ethyl acetate and the concentrated extracts were fractionated by reverse-phase C18 HPLC. As shown in Figure 2 , the E. coli LasR AHL reporter (Winson et al., 1998) 
LasR (P. aeruginosa) 3-oxo-C 12 -HSL strain, most responsive to 3-oxo-C12-HSL, detected a number of substances in the extracts that stimulated strong quorum sensing-regulated responses. Two major and perhaps two minor, partially separated peaks with LasR stimulatory activity were detected in extracts from 4-d-old cultures, whereas extracts from 12-d-old cultures had perhaps six major and two or three minor peaks of LasR stimulatory activity. The activity peaks were quite consistent in duplicate cultures, although some variation occurred in activity level for individual peaks. Peaks of LasR activity with similar retention times were detected in extracts from cultures grown on Tris-acetate phosphate (TAP) medium containing acetate as a carbon source, but the activity levels in these peaks were generally 5 to 10 times lower (data not shown). Solvent-only injection controls to test for contaminating activities released from the column during fractionation were negative. Experiments to detect active compounds present in the HS medium and the ethyl acetate solvent were conducted with 1 L of HS medium extracted with 2 ϫ 300 mL ethyl acetate. HPLC fractions obtained after injection of the dried solvent residue had no activity detectable with the LasR or CepR reporters.
As illustrated in Figure 3 , when the HPLC fractions of Figure 2 were assayed with the Pseudomonas putida CepRIЈ::GFP reporter strain of Steidle et al. (2001) , which is most responsive to C8-HSL, a set of perhaps six partially separated peaks of CepR stimulatory activity were detected, with increasing activity in filtrates from older cultures.
No substances that stimulated either the E. coli LuxR or AhyR reporters, which are most responsive to 3-oxo-C6-HSL and C4-HSL, respectively, were detected in any of the HPLC fractions of the ethyl acetate extracts (data not shown), nor was there any evidence of substances that affected violacein synthesis in the Chromobacterium violaceum CV026 reporter strain, most responsive to C6-HSL, or that inhibited the responses of the LasR, LuxR, or CepR reporters to partially inducing concentrations of their cognate AHLs (data not shown). Storage of the crude extracts for 6 months at Ϫ20 C in 50% (v/v) acetonitrile resulted in substantial loss of the original activity for most of the LasR and CepR stimulatory substances (data not shown). When freeze-dried culture filtrate from C. reinhardtii was extracted first with methanol and then 1:1 (v/v) methanol:water, HPLC fractions obtained after injection of the combined extracts contained no detectable LasR, LuxR, or CepR stimulatory substances when tested at the same levels used to test fractions in Figures 2 and 3 (data not shown). This is in contrast to pea (Pisum sativum) and Medicago truncatula, where most of the AHL mimic activities were recovered in the methanol and 50% (v/v) methanol extracts, not the ethyl acetate extract (Teplitski et al., 2000; . The CepR and LasR reporters were neither stimulated nor inhibited by 100 nm to 10 m concentrations of several fatty acid methyl esters (myristic, palmitic, palmitoleic, lauric, and oleic) identical or similar to those detected by gas chromatography-mass spectrometry in LasR Figure 1 . Effects of C. reinhardtii and Chlorella sp. colonies on quorum sensing responses in bacterial reporters. Streaks of the algae were overlayed with soft agar containing a quorum sensing reporter, then later examined for induced luminescence with a Hamamatsu C2400 intensified CCD camera (Hamamatsu Photonic Systems, Bridgewater, NJ). False color images were superimposed on the digital images of the algal streaks. Increasing luminescence intensity is indicated by red Ͼ yellow Ͼ green Ͼ blue. A, Stimulation of the AI-2-dependent luminescence in V. harveyi BB170 after 9 h. The three Chlorella spp. luminesced strongly at 7 h (not shown) but show dark areas corresponding to inhibited background luminescence at 9 h. B, Inhibition of LasRIЈ::luxCDABE reporter responses to its cognate AHL, 3-oxo-C12-HSL, by C. reinhardtii colonies after 5 h. To test whether physiological concentrations of AHL mimic substances from C. reinhardtii might be able to affect important functions in wild-type bacteria, we exposed low-density cell cultures of S. meliloti to a purified preparation of one of the LasR stimulatory substances from the alga and looked for mimicinduced changes in protein accumulation in the bacterial cells. Like C. reinhardtii, S. meliloti is a common inhabitant in soils. S. meliloti was selected as a suitable model for such testing because a previous study showed global proteome responses to added AHLs in low-density cultures of the wild type (Chen et al., 2003) .
To obtain a highly purified AHL mimic from the alga, substances from approximately 10 L of C. reinhardtii culture filtrate were extracted, fractionated, and assayed with the LasR reporter strain (Fig. 4A) . Fractions 52 to 55, corresponding to the last, most clearly separated peak of LasR stimulatory activity in Figure 4A , were pooled and refractionated to obtain a highly purified preparation for testing of responses in bacteria (fractions 52-54, Fig. 4B ). Proteome responses in S. meliloti to this purified substance were determined by redissolving the putative signal mimic substance in 1 mL of TA medium and adding portions to duplicate, washed, early log phase (A 600 ϭ 0.03) cultures of S. meliloti 1021 at a concentration calculated to be approximately equivalent to its concentration in the original C. reinhardtii cultures. After 2 h, the bacteria were collected by centrifugation, freeze dried, and later extracted to recover proteins for two-dimensional gel separation. A second set of duplicate cultures of the bacterium was treated with a mixture of the AHLs extracted from filtrates of an early stationary phase, defined medium culture of S. meliloti 1021. These AHLs were added to the early log culture of the bacterium at approximately the same concentration present in the original early stationary phase bacterial cultures. A third set of duplicate cultures was treated with a mixture of the bacterial AHLs and the C. reinhardtii LasR stimulatory mimic substance. Duplicate control cultures were treated with the residue from LasR inactive HPLC fractions 48 to 50 (Fig. 4B) . Table II lists the S. meliloti proteins that accumulated to significantly different levels in response to either the purified C. reinhardtii LasR mimic or the bacterium's own AHLs or to the mixture of bacterial AHLs and C. reinhardtii AHL mimic. Thirty-two of the 34 differentially accumulated proteins were identified by peptide mass fingerprint comparison with peptides predicted from the genomic sequence (Galibert et al., 2001) . Sixteen of the 25 proteins that accumulated in response to the bacterium's own AHL quorum sensing signals were also affected by the putative LasR AHL signal mimic from the alga (Table  II) . About one-half of the proteins affected by the algal mimic, the bacterial AHLs, or both were accumulated to levels at least 3-fold higher or lower than in the controls. One would expect such changes to have substantial effects on the functions carried out by these proteins.
DISCUSSION
Production of Substances by C. reinhardtii That Affect Bacterial Quorum Sensing
The present study provides evidence that C. reinhardtiiCC2137 is capable of producing and secreting at least a dozen chromatographically separable substances capable of specifically stimulating LasRand CepR-mediated quorum sensing functions in well-characterized reporters (Figs. 2 and 3 ). For comparison, the model legume M. truncatula was found to produce about 15 to 20 separable AHL mimics , some stimulatory and some inhibitory, whereas D. pulchra was found to produce about 25 to 30 different halogenated furanone AHL mimics , all inhibitory. When individual HPLC fractions were assayed with both the LasR and CepR reporters, none of the peaks of CepR stimulatory activity (Fig. 3) were found to match with LasR stimulatory peaks (Fig. 2) , indicating that the two reporters are probably responding to different substances in the ethyl acetate extracts. The production of diverse AHL mimic compounds by D. pulchra, higher plants, and C. reinhardtii seems reasonable if the biological aim of these eukaryotes is to disrupt AHL-mediated quorum sensing regulation in many different bacterial strains. The production of multiple LasR active and CepR active substances by C. reinhardtii may reflect the usefulness of mimics that cover the range of binding specificities of relevant AHL receptors in different bacteria.
Because the LasR and CepR active substances from C. reinhardtii did not elicit responses in several other AHL reporter strains (LuxR, AhyR, and CviR), it appears that the algal compounds are acting in a receptor-specific manner. We speculate that the algal compounds are most likely interacting directly with the LasR or CepR receptor polypeptides in a manner similar to the interactions reported between the D. pulchra furanone AHL mimics and the LuxR receptor (Manefield et al., 1999 . With the LasR and CepR reporters, direct ligand-receptor interactions are perhaps the only plausible mechanism for receptor-specific stimulation of luminescence or fluorescence by added compounds (Winson et al., 1998; Steidle et al., 2001) . Because the HPLC fractions that stimulated the E. coli LasR reporter failed to stimulate either the E. coli AhyR or LuxR reporters, the observed stimulation of luminescence cannot be an artifact of increased reporter growth and background luminescence arising from consumption of algal metabolites. The LasR, LuxR, and AhyR reporter strains are identical except for the AHL receptor gene and synthase promotor sequence (Table I ) and, thus, would respond similarly to any added nutrient.
The chemical identities of the C. reinhardtii compounds responsible for activation of quorum sensing-regulated responses in the LasR and CepR reporters are still unknown. Because the active substances all stimulated the reporters, they are unlikely to be halogenated furanones like those made by D. pulchra, which all have inhibitory effects on bacterial quorum sensing. Because they partition into ethyl acetate in the same manner as bacterial AHLs, it is possible that the active compounds from C. reinhardtii are identical or very similar to bacterial AHLs. However, an initial mass spectral analyses of purified LasR active fractions from the alga using the methods described by Marketon et al. (2002) failed to detect any signature peaks corresponding to known AHLs (A. Eberhard, M. Gronquist, M. Teplitski, P. Rubinelli, and W.D. Bauer, unpublished data), and examination of the genomic sequence for C. reinhardtii failed to reveal any homologs of known bacterial AHL synthases. Thus, the algal compounds may prove to have structures related to but different from bacterial AHLs. Studies to determine the structures of these compounds are in progress. In this paper, we tentatively refer to the LasR/CepR active compounds as AHL mimics. If they prove to have structures identical to those of known bacterial AHLs, their production by C. reinhardtii would be the first known instance of AHL synthesis by a eukaryote.
Both culture age and growth conditions were important factors in production of AHL mimics by C. reinhardtii. The levels of the LasR and CepR mimic substances were considerably higher when the alga was cultured phototrophically than when cultured on medium containing acetate as a carbon source, despite the fact that cell number did not increase appreciably during phototrophic culture. The LasR mimic activities, but not the CepR mimic activities, changed markedly with length of culture (Figs. 2 and  3) . The observed changes in LasR activities with culture age suggest that the LasR active mimic compounds are not simply accumulating in the culture medium but may be subject to biotic or abiotic inactivation and changes in regulation of production or secretion.
No LasR inhibitory mimic compounds were detected in ethyl acetate or methanol extracts of C. reinhardtii culture filtrate. Nonetheless, the LasR reporter's responses to its cognate AHL were strongly inhibited by algal streaks or colonies in overlays (Fig.  1B) , as were the LuxR and AhyR reporters (not shown). This inhibition does not appear to be due to nonspecific toxicity or to an inhibition of luminescence by algal substances because a constitutively luminescent derivative of E. coli was not inhibited in similar overlays. These results suggest that that the algal colonies are secreting specific inhibitors of AHL quorum sensing and that these inhibitory substances are probably more hydrophylic than the stimulatory mimics, not readily extracted in organic solvents. This possibility is supported by the observation that LasR stimulatory substances could be detected on polyvinylidene difluoride membranes after passing C. reinhardtii culture filtrate through the membrane but only after rinsing the membranes with water, presumably removing the more hydrophilic inhibitory compounds (data not shown). Further studies are clearly needed to isolate, purify, and characterize these putative inhibitory AHL mimics.
Both the V. harveyi wild-type and BB170 reporter strains were stimulated to luminesce in overlays of C. reinhardtii and Chlorella spp. colonies (Fig. 1A) , providing evidence that these algal isolates secrete compounds that are identical to, or capable of mimicking, the quorum sensing signals of V. harveyi. Quorum sensing-regulated luminescence in V. harveyi is complex, stimulated both independently and synergistically by an AHL (3-OH-C4-HSL ϭ AI-1) and by a furanosyl borate diester (AI-2), and is mediated by pairs of two-component phosphorelay proteins rather than typical AHL receptors (Mok et al., 2003) . Several putative AI-2 mimic substances were recently detected in exudates from M. truncatula seedlings . Thus, it appears that higher plants and unicellular green algae like C. reinhardtii and Chlorella sp. may share a common ability to affect AI-2-mediated quorum sensing in bacteria that have suitable receptors. Further studies are in progress to isolate and identify the algal substances responsible for stimulating V. harveyi quorum sensing-regulated responses.
Proteome Analysis of S. meliloti Responses to a Purified C. reinhardtii AHL Mimic S. meliloti was used here as a representative soil bacterium to test whether its quorum sensing regulation could be disrupted by exposure to physiological levels of one of the AHL signal mimics from C. reinhardtii. The present study should be regarded as preliminary because it involved treatment with an algal mimic compound that is not chemically identified, only partially purified and added at undefined concentrations. Nonetheless, a comparison of the S. meliloti proteins affected by a mixture of its own AHL signals with those affected by the purified AHL mimic from the alga shows a high degree of overlap (16 of 25 proteins, Table II ). This provides evidence that the purified AHL mimic from C. reinhardtii, identified initially through its specific stimulation of responses in the E. coli LasR reporter strain, can affect diverse aspects of quorum sensing regulation in a representative wild-type soil bacterium.
The furanone AHL mimics of D. pulchra rather specifically target quorum sensing-regulated functions in bacteria and do not appreciably disrupt other aspects of bacterial metabolism or behavior (Manefield et al., 1999; Hentzer et al., 2002) . The C. reinhardtii AHL mimic also appears to rather specifically target AHL-regulated functions (Table II) . However, nine of the 34 differentially accumulated proteins were significantly affected by the addition of the C. reinhardtii mimic but not by the AHLs (Table II) . Some of these nine proteins may prove to have roles in the metabolism or transport of the algal mimic compound. It is also possible that impurities in the AHL mimic preparation were responsible for the differential accumulation of some of these proteins.
Many of the AHL/mimic responsive proteins correspond to open reading frames (ORFs) listed as hypothetical, with unknown function. However, several proteins with potentially interesting functions were identified based on the S. meliloti 1021 annotated genome database, available at http://sequence.toulouse.inra.fr/meliloti.html. The PII nitrogen regulatory protein encoded by glnB (Smc00947) was newly detected in response to the algal mimic. GlnB is similar to the central PII regulators of carbon and nitrogen balance in both prokaryotes and eukaryotes (Ninfa and Atkinson, 2000) and is reported to control both N assimilation and symbiotic nodule development in S. meliloti (Arcondeguy et al., 1997) . The typA ORF (Smc03242) encodes a protein with strong similarity to BipA (BLAST E score ϭ 0.0), a Tyrphosphorylated GTPase that mediates interactions between enteropathogenic E. coli and host epithelial cells (Grant et al., 2003) . purA (Smc0643) encodes a homolog of adenylosuccinate ligase (EC 6.3.4.4), an enzyme catalyzing the first committed step to AMP in the purine biosynthesis pathway (Hou et al., 2002) . S. meliloti dksA (Smc0469) encodes a homolog of E. coli DksA, which suppresses mutations in the DnaK/ DnaJ chaperone system. A close ortholog of DksA has been found to govern the levels of the RhlI AHL synthase and the quorum sensing-regulated production of virulence factors in Pseudomonas aeruginosa (Branny et al., 2001; Jude et al., 2003) . It seems noteworthy that a number of the AHL/mimic-responsive proteins identified in Table II appear to be chaperones or have roles in protein synthesis or folding, including two GroEL chaperones (Sma0744 and Smb21566), DnaK (heat shock protein70 and Smc2857), DksA (Smc0469), PpiB (peptidyl prolyl cistrans-isomerase B and Smc01208), and the ribosomal proteins S1 and L25 (Smc0335 and 02692).
When added by itself, the algal mimic had effects that were qualitatively and quantitatively similar to those of the bacterium's AHLs on the accumulation of the 16 coresponsive proteins (Table II) . However, the proteins encoded by moaB (Smc0863) and ppiB (Smc01208) responded in opposite ways to the addition of bacterial AHLs and algal mimic. The MoaB homolog, which is involved in synthesis of the molybdopterin cofactor required for many oxidoreduc-tases (McLuskey et al., 2003) , increased 10-fold in response to the bacterium's AHLs but was reduced to below detectable levels in gels from bacteria exposed to the algal mimic. The mechanism underlying such opposite responses is unknown.
When added together, the algal mimic frequently cancelled the effect of the bacterial AHLs. Proteins encoded by Sma0967, Smb20602, and 21566; chromosomal genes 00328, 00469, and 01876; and isoform II encoded by Smc02111 all accumulated significantly in response to either the AHLs alone or the mimic alone. However, when the bacteria were exposed to the mixture of AHLs and mimic, there was no significant change in the level of these proteins. Because AHL receptors typically appear to be active as dimers (Qin et al., 2000; Whitehead et al., 2001) , we speculate that this "canceling" effect of mixing an AHL with an AHL mimic might be due to the formation of inactive dimers between a mimic-bound receptor polypeptide and an AHL-bound receptor polypeptide. Other proteins, e.g. those encoded by Smc00496, 00643, and 02692 and the unidentified protein spots 28 and 37, were found to accumulate in the same direction and to essentially the same extent after exposure to either the AHLs alone, the mimic alone, or to the mixture of mimic and AHLs (Table  II) . This is what one might expect if one or more of the five putative AHL receptors in S. meliloti generated active heterodimers. In terms of benefit to a mimic-producing eukaryote, both the inhibition of quorum sensing-regulated functions by a mimic compound (e.g. Smc0335, 0863, and 1208) or the cancellation of AHL-mediated stimulation by a mimic (e.g. Smc0328 and 0469) could be useful in manipulating the ability of bacteria to colonize or infect a host.
MATERIALS AND METHODS
Organisms and Growth Conditions
Chlamydomonas reinhardtii wild-type strain 2137 (CC-1021) was maintained on TAP (mineral salts ϩ acetate) agar under 12 h of 40 mol photons m Ϫ2 s Ϫ1 of white light at 25°C, restreaking every 3 weeks. Individual colonies were inoculated into TAP liquid shake cultures and grown axenically in light for 5 to 6 d to A 750 Ͼ 1.2. The TAP-grown starter cultures were centrifuged, and the cells were resuspended in 20 volumes of HS mineral salts medium lacking a carbon source. Cultures were incubated for 4 to 12 d on a shaker (175 rpm) under continuous white light (75 mol photons m Ϫ2 s Ϫ1 ). TAP and HS media were prepared as described (Harris, 1989) , adjusting the pH of the media to 6.6 to 6.8 with TRIZMA-Base (Sigma, St. Louis) before autoclaving. Bacto-agar (1.5% [w/v]) was added to solidify TAP when needed. The stock of Hunter's Trace Metals was added as a filtersterilized solution after the media components were combined and autoclaved. Cultures were discarded if they showed contamination after plating aliquots of each shake culture on Luria-Bertani, TAP, tryptic soy medium (Difco Laboratories, Detroit), tryptone agar, high-salt autoinducer bioassay medium (Joyce et al., 2000) , and corn meal agar (Sigma). Bacterial strains used as reporters for AHL and AI-2 quorum sensing signals are listed in Table I and were cultured as described (Teplitski et al., 2000; except that the Pseudomonas putida CepRIЈ::GFP reporter was cultured in Luria-Bertani medium diluted 1:1 (v/v) with water. Bioassays to detect algal compounds with the ability to affect bacterial AHL reporter strains were conducted as described previously (Teplitski et al., 2000; , measuring luminescence or fluorescence for 0.1 s well Ϫ1 in a Wallac Victor2 multimode plate reader (Perkin Elmer, Gaithersburg, MD). Assays with the P. putida CepR reporter were similar except that 100 L rather than 80 L of suspension was used, and the plates were incubated at 30°C. The negative control wells contained only the reporter suspension, providing a measure of background luminescence/fluorescence not induced by AHLs. The positive control wells contained sufficient levels of the cognate AHL to give a maximal response for that reporter. For assays to measure inhibition of AHL-induced responses by algal substances, sufficient levels of the cognate AHL to induce partial (approximately 10%-30% maximal) responses were added with the reporter.
Purification of an AHL Mimic from C. reinhardtii for Proteome Analysis
TAP-grown cultures of C. reinhardtii CC-2137 (A 750 ϭ 0.8-1.0) were subcultured into 3 volumes of fresh HS medium and incubated in light at 25°C for a week (A 750 ϭ 0.3-0.4). The algae were then removed by centrifugation, and the culture filtrates (pH 6.4-6.8) were collected. The cell-free culture filtrates were extracted twice with an equal volume of ethyl acetate, and the extract was rotary evaporated to dryness over a 40°C water bath and stored in glass vials at Ϫ20°C. For HPLC analysis, the residue from about 10 L of culture was brought up in 1 mL of acetonitrile, centrifuged, and the precipitate was extracted with 1 mL of acetonitrile:water (1:1 [v/v] ). The supernatants were combined and injected onto a 40% (v/v) acetonitrile:60% (v/v) water-equilibrated semipreparatory C18 column (Whatman Partisil 10, ODS-3, Whatman, Clifton, NJ) fitted with a guard column. The column was eluted at 2 mL min Ϫ1 with a linear water:acetonitrile gradient starting at 40% (v/v) acetonitrile and increasing to 100% (v/v) acetonitrile over 70 min, followed by an additional 10 min with 100% (v/v) acetonitrile. Oneminute fractions were assayed with the LasR AHL reporter.
Proteome Analysis of Sinorhizobium meliloti after Addition of a Purified LasR Stimulatory Mimic from C. reinhardtii S. meliloti 1021 cells were subcultured and washed several times to reduce the concentration of endogenous AHLs as much as possible as described previously (Chen et al., 2003) . Cells from replicate 300-mL portions of the third low-density subculture of strain 1021 grown in TA medium (A 600 ϭ 0.05) were inoculated into flasks containing 1.5 L of TA medium supplemented with the highly purified algal AHL mimic. Duplicate sets of cells were treated with the mixture of crude AHLs recovered from an early stationary phase culture of S. meliloti 1021 grown in NM, a defined Glcnitrate medium as described by Pellock et al. (2002) . A third duplicate set of cells was treated with a combination of the purified algal AHL mimic and the crude bacterial AHLs. As a negative control, the bacterial cultures were exposed to residue from HPLC fractions (fractions 48-50, Fig. 4B ) that did not have any detectable LasR mimic activity. The treated and control cultures were incubated for 2 h at 28°C and 200 rpm and had a final A 600 ϭ 0.03 to 0.04, yielding 0.1 g of dry cells per 1.5 L of culture. All centrifugations were conducted at room temperature to minimize stress. All treatments and controls were duplicated.
Protein Extraction, Separation, Quantification, and Identification
Proteins were extracted from freeze-dried cells as described (Chen et al., 2000a (Chen et al., , 2000b and quantified based on a modified Bradford protein assay (Guerreiro et al., 1999) . Protein concentrations were normalized, and the samples were subjected to two-dimensional gel separation as described (Chen et al., 2000b) . Preparative gels were stained with Coomassie Brilliant Blue in a step-wise colloidal staining procedure (Neuhoff et al., 1988) . Digitized images (600 dots per inch) of the stained gels were quantified using MELANIE 3 image analysis software (Bio-Rad, Hercules, CA). Protein spot locations were compared with 10 landmark proteins and matched against a specialized proteomic database for S. meliloti 1021 (Weiller et al., 2001) . Optical density of each spot over its area (volume) as a percentage of the relative optical density of the gel image (percentage volume) was used to quantify each spot. Digitized spot images were statistically analyzed using GenStat 4.2 software as described by Mathesius et al. (2003) . A polypeptide was deemed differentially accumulated if 2 was less than 0.05. Proteins were identified by tryptic digestion of the polypeptides isolated from the Coomassie-stained control gels followed by peptide mass fingerprinting with matrix-assisted laser-desorption ionization time of flight mass spectrometry performed on a Micromass TofSpec 2E Time of Flight Mass Spectrometer (Waters Corporation, Milford, MA) at the Australian Proteome Analysis Facility (Macquarie University, Sydney). Peptide mass fingerprints were identified by comparison with the S. meliloti 1021 proteomic database using Mascot software (Micromass; Waters Corp) as described previously (Weiller et al., 2001) . Scoring of peptide mass fingerprint matches was based on the following criteria: (a) a minimum three peptides matched within 100 ppm to the theoretical mass of the polypeptide without any protein modification, (b) good agreement between the actual and predicated molecular mass and pI, and (c) the absence of other polypeptides that match. A confidence rating of 3 was assigned if all criteria were met and if the probability-based Mowse scores were greater than 50; a score of 2 was assigned if one criterion was not met and if the probability-based Mowse scores were between 40 and 50. A confidence score of 1 means that at least one of the criteria was met and probability-based Mowse score was between 25 and 39.
Distribution of Materials
Upon request, all novel materials described in this publication will be made available in a timely manner for noncommercial research purposes. However, no supplies of the purified LasR mimic or other active compounds are presently available, and their isolation requires considerable effort.
